RESEARCH
T he quantity and distribution of water stored in the root zone of a golf course putting green after irrigation or rainfall are important characteristics that govern the ability of the root zone to sustain a healthy turfgrass. To minimize the risk of undesirable performance of putting greens after construction or renovation, the United States Golf Association (USGA) has developed a set of recommendations for the desired physical properties and depth of sand-based root zone mixtures to be used in putting greens (USGA Green Section Staff , 2004) . Putting greens constructed according to these USGA recommendations have 300 mm of an acceptable root zone mixture placed over a 100-mm thick gravel drainage layer that blankets a compacted soil base. An alternative to this USGA design is the Airfi eld Systems design that replaces the gravel with a geotextile atop a 25-mm deep highly porous plastic drainage structure (AirDrain geogrid; Airfi eld Systems, Oklahoma City, OK) over a polyvinyl chloride (PVC) liner covering a compacted base. While both gravel and the AirDrain geogrid allow rapid lateral movement of excess water to drain lines, there is anecdotal evidence in the literature and from sports fi eld managers that the two types of drainage structures produce diff erent degrees of water retention in the root zones after irrigation or rainfall (e.g., Xiong et al., 2006) . To utilize the widely
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Department of
The purpose of the study reported herein was to evaluate the amount of water stored in root zones of golf course putting greens constructed with sand-based root zone mixtures placed above geotextile atop AirDrain or gravel drainage structures.
MATERIALS AND METHODS
The experimental units (hereafter referred to as test greens) were constructed from 332-mm i.d. PVC pipe (14 inch Schedule 40) fi xed to a 20-mm thick plywood base with 1-mm thick PVC liner separating the two components. A small notch was cut on one side of the bottom of the PVC pipe to allow drainage water to escape. The test greens contained either gravel or geotextile-atop-AirDrain drainage structures. With gravel drainage, the test green columns were 430-mm tall and contained 300 mm root zone mixture atop 100 mm gravel. With geotextile-atop-AirDrain drainage, the test green columns were 355-mm tall and contained 300 mm root zone mixture atop a 25-mm tall geotextile-atop-AirDrain structure.
For the root zone mixtures, three sands were chosen such that their particle-size distributions, determined by dry sieving (Gee and Or, 2002) , spanned the range found within the USGA recommended limits (USGA Green Section Staff , 2004). Caylor White sand (Caylor Sports Sands, Hewitt, TX), Sure Play sand (US Silica, Kosse, TS), and Texas Coarse Special sand (US Silica, Kosse, TS) had particle-size distributions that fell toward the fi ne side, middle, and coarse side of the USGA recommendation, respectively ( Fig. 1 ). Except for Caylor White sand having too much fi ne sand (150 to 250 μm diameter), the three sands met the USGA recommendation for particle-size distribution. Three gravels also were chosen such that their particle-size distributions, as determined by sieving, fell toward the fi ne side, middle, and coarse side of the USGA recommendation ( Fig. 1 ). All three gravels met USGA recommendations for particle size distribution (USGA Green Section Staff , 2004) . Silt plus clay content of all the sands and gravels were < 5 g kg -1 (<0.5%).
For the sands, reference diameters d 15 (the diameter where 15% of the particles by mass are smaller) and d 85 were determined from the fraction fi ner data using the model of Fredlund et al. (2000) to interpolate between data points. For the gravels, d 15 and d 90 were determined from the fraction fi ner data with cubic-spline interpolation. Using these reference diameters for the sands and gravels, all possible sand-gravel combinations were evaluated for compatibility with the USGA recommendation (USGA Green Section Staff , 2004). Except for the Caylor White 85% for all root zone mixtures. The relationship between water content and water tension for each root zone mixture was characterized with the model of van Genuchten (1980) using the mean volumetric water content of three replicates. Using the van Genuchten equation to represent θ(h), D was determined as a function of h b for each root zone mixture (Eq. [1]). The slopes of these D vs. h b relationships for Caylor White, Sure Play, and Texas Coarse Special root zone mixtures were 0.26, 0.23, 0.21 m m −1 , respectively. Across the three root zone mixtures, the average slope was 0.23 m m −1 .
Four geotextiles having apparent opening sizes (AOSs) (American Society for Testing and Materials, 2004) near 200 μm but that represented diff erent chemical compositions or manufacturing processes were chosen to support the root zone mixtures atop AirDrain in the test greens (Table 1) . One of the geotextiles was a woven fabric (Geotex 104F; Propex, Chattanooga, TN). One of the nonwoven geotextiles was a needlepunch type material (produced from mechanically entangled staple fi bers) (Geotex 401; Propex, Chattanooga, TN), the other two were spunbond type materials (produced from thermally or chemically bonded randomly laid continuous fi laments) (Typar 3401 [Fiberweb, Old Hickory, TN] and Lutradur 097 130g [Freudenberg, Durham, NC] ). The permeabilities of all four geotextiles were high enough that they would not have been expected to limit drainage of water from the root zone mixtures placed atop them.
Each of the root zone mixture treatments was combined with each of the gravel and geotextile treatments, and the test greens containing each combined treatments were replicated three times. For the test greens containing gravel, the gravel was added to the bottom of column and tamped. Gravel was added or removed and retamped until its depth was uniformly 100 mm across the bottom of the test green column. For the test greens containing geotextile atop AirDrain, a disk of AirDrain was cut from stock and placed on the PVC liner covering the plywood in the bottom of the test green column. A ring of silicone caulk was sand not meeting the bridging factor when combined with the coarsest gravel, the sands met the USGA-recommended criteria for use with the gravels without an intermediate (choker) layer of sand. To create root zone mixtures, the Sure Play and Texas Coarse Special sands were amended with 10 and 20% screened sphagnum peat moss by volume, respectively. Caylor White sand was used without amendment. Saturated hydraulic conductivity of the root zone mixtures were determined following standard procedures (American Society for Testing and Materials, 2006) . With the absence of appreciable silt and clay, the saturated conductivities of all three root zone mixtures were > 1.3 m h −1 (>50 in h −1 ), which is considerably greater than the USGA recommended minimum of 150 mm h −1 (6 in h −1 ).
The relationship between water content and water tension for a given root zone mixture (Fig. 2) was determined in columns created by fi rst packing (American Society for Testing and Materials, 2006) the root zone mixture into 75-mm i.d. by 50-mm tall segments of PVC pipe and then stacking segments on top of each other to a total height of 450 mm. An additional empty segment was placed at the top of each stack to hold water, and the seams between the segments were then sealed with tape. Three replicate columns were created for each root zone mixture. The resultant columns were watered from the top until water drained from the bottoms and then covered with plastic bags to minimize evaporation and allowed to drain for 24 h. The columns were rewetted and allowed to drain for 24 h two more times before they were disassembled to determine water content of the root zone mixture in each of the segments. Volumetric water content was determined from the mass of water lost on oven drying for 24 h at 105°C, the density of water, and the internal volume of the segment. In generating the data to determine the relationships between water content and water tension, we desired a realistic fi eld level of saturation, with entrapped air. No attempt was made to fully saturate the root zone mixtures in the columns before draining so there was noticeably less water in the bottom segments than would be estimated from saturation of the total porosity. The degree of saturation obtained at the bottom of the columns was about then placed on the inside of the column just above the AirDrain followed by a disk of a geotextile about 40 mm larger diameter than the inner diameter of the column that sat on top of the AirDrain. The outer edge of the oversized disk of geotextile was pressed into the silicone caulk and then additional caulk was used to ensure a seal that prevented bypass of water and potentially migrating fi nes from the root zone mixtures.
Two manometer-tensiometers constructed of aquarium airstones and clear fl exible tubing were placed at the interface of the root zone mixture and the drainage material in each test green. The airstones had an air-entry tension of about 150 mm water. The fl exible tubing of each manometer-tensiometer exited the test green through a hole in the column having the diameter of the tubing. The exit holes were located just above the interfaces of the root zone mixtures and the drainage materials. After exiting the test greens, the tubes formed U-shaped manometers with the bottom of the U-loop touching the plywood base. These manometer-tensiometers were used to determine if the geotextiles restricted water fl ow out of the test greens (as would be evidenced by positive pressure during drainage) and to measure the tensions of the water at the interface of the root zone mixture and the drainage structure (i.e., at the bottom of the 300-mm deep root zone).
The experimental site was a 4 by 10 m concrete pad in a 20 by 20 m open area between greenhouses on the campus of Texas A&M University, College Station, TX. The plywood bases of the test greens were supported 100 mm above the concrete with lumber. Root zone mixtures were packed moist (~8 g kg −1 water content) into the test green columns in ~50 mm lifts to a total depth of 300 mm. The amount of root zone mixture packed in each test green column produced a bulk density equal to that determined by American Society for Testing and Materials (ASTM) method F1815-06 (American Society for Testing and Materials, 2006) . The bulk densities were 1.52, 1.60, and 1.58 Mg m −3 in the Caylor White, Sure Play, and Texas Coarse Special root zones, respectively. The columns were irrigated with water until drainage was observed then sprigged with MiniVerde bermudagrass [Cynodon dactylon (L.) Pers. × C. transvaalensis Burtt Davy] supplied by King Ranch Turfgrass-Wharton Farms, (Wharton, TX). After establishing a solid coverage of turfgrass with typical fertilization and irrigation practices, the dynamics of water content and storage were monitored using a time domain refl ectometry system (Campbell Scientifi c, Logan, UT). A 300-mm time domain refl ectometer (TDR) probe (model CS605) was installed in each test green. The TDR probes were connected through coaxial multiplexers (model SDMX50) to a refl ectometer (model TDR 100). The refl ectometer was connected to a datalogger (model CR1000) that was programmed to record the apparent length of the TDR probes and temperatures of the root zone every 30 min. Root zone temperatures were monitored with the datalogger using thermocouple thermometers. Volumetric water content of a root zone mixture was determined from the apparent length of the probe through the model of Topp et al. (1980) with a correction for root zone temperature (Schwartz et al., 2009) .
To measure the eff ect of the treatments on the amounts of water retained in the root zone profi les, TDR probes were installed vertically so the probe electrodes ran from top to bottom of the root zone. The test greens were then irrigated until water drained from the bottom and immediately afterward covered with aluminum foil to minimize loss of water through evapotranspiration. Profi le-average volumetric water contents were measured for 48 h and the total amount (depth) of water stored (in millimeters) at any given time was calculated as the product of the profi le-average volumetric water content measured by TDR and the depth of the root zone (300 mm). To measure the eff ect of the treatments on tensions developed at the bottom of the root zones, the manometer-tensiometers were charged with water immediately after irrigation and water tensions were recorded by visual observation for 12 h. To measure the eff ect of the treatments on the water content that developed in the upper portion of the root zone, TDR probes were installed horizontally through the walls of the test green cylinders at depths centered 75 mm below the turfgrass surfaces. As with the vertical installation, the test greens were irrigated until water drained from the bottom, covered with aluminum foil to minimize evapotranspirative loss of water, and monitored for water contents for 48 h. Similar studies with vertical or horizontal TDR probes were conducted with test greens left uncovered after watering to observe the temporal dynamics of water storage and water content while water was lost through evapotranspiration.
The eff ects of root zone mixture (Caylor White, Sure Play, and Texas Coarse Special), drainage type (gravel and geotextile atop AirDrain), and drainage material (large, medium, and small gravels or Lutradur 097 spunbond, Typar 3401 spunbond, Geotex 401 needlepunch, and Geotex 104F woven geotextiles atop AirDrain) were assessed using the TukeyHSD and aov statistical functions in R (R Development Core Team, 2009).
RESULTS AND DISCUSSION
Water tensions that developed at the root zone-drainage structure interfaces after irrigation increased rapidly over the fi rst hour and after 2 h they reached near maximum values (Fig. 3) . From 1 h to 12 h, water tensions at the bottom of the root zones atop any of the three gravels were signifi cantly (α = 0.01) greater than those at the bottom of the root zones atop any of the geotextile-atop-AirDrain treatments. Averaged across root zone mixtures, water tensions at the bottoms of the root zones 12 h after irrigation were 67 and 11 mm water for the test greens with root zones atop gravel and geotextile atop AirDrain, respectively. Tensions that developed in the root zones atop the coarsest gravel were signifi cantly (α = 0.01) less than those developed in the root zones atop the two fi ner gravels, about 14 mm water less tension. There were no signifi cant diff erences (α ≤ 0.1) in the tensions developed at the bottom of the root zones among the four geotextile-atop-AirDrain treatments or between the two fi nest textured gravel treatments. Test greens with Sure Play root zone mixture atop gravel developed signifi cantly (α = 0.05) less tension at the bottom of the root zone after 12 h than did test greens with Caylor White root zone mixture atop gravel, about 14 mm water less tension. A possible cause was that the Caylor White sand, because of its fi ner particle sizes and lack of peat moss, had migrated into the gravel and created a capillary wick while the Sure Play root zone mixture had not migrated. This possibility, though, was unlikely the case as the tension at the bottom of both root zones increased from large through medium to small gravel and migration of the Caylor White sand into the gravel would have been more likely to have occurred with the larger gravel (where it did not meet the USGA-recommended bridging factor) than the smaller gravel. There were no signifi cant diff erences (α = 0.1) in tensions between other combinations of root zone mixture treatments atop gravel or between root zone mixture treatments atop geotextile atop AirDrain. Root zone mixture and drainage type had signifi cant eff ects on the amount of water stored in the test greens ( Table 2) . As an apparent consequence of the greater tensions that developed at the bottom of the root zones atop gravel compared to those atop geotextile atop AirDrain, the amounts of water stored in the root zones of the test greens with gravel drainage were signifi cantly (α = 0.01) less than the amounts stored in the root zones atop geotextile-atop-AirDrain drainage (Fig. 4) . Averaged across root zone mixtures, the diff erence in the amount of water stored in the profi les was about 12 mm (~1/2 inch). This observed diff erence in storage was close to that expected using the observed water tensions at the bottom of the root zones and the decreases in stored water with water tension derived from Eq. [1] together with the relationships between water tension and water content shown in Fig. 2 , that is, (67 -11 mm) × 0.23 m m −1 = 13 mm (Fig. 5 ). We did not observe signifi cant diff erences (α = 0.05) in water stored in the root-zone profi les among the test greens constructed with three gravel treatments, even though we observed a signifi cant diff erence in tension, albeit small, at the bottom of the root zones above the coarsest gravel compared to the fi ner two gravels. There were not signifi cant diff erences (α = 0.05) in water stored among the test greens constructed with the four geotextile treatments.
Diff erences in water content in the upper portion of the root zone between treatments were evident in data collected when the TDR probes were installed horizontally. Averaged across all root zone mixtures, volumetric water content at 75 mm (3 in) depth was 0.033 m 3 m −3 less in test greens with the root zone atop gravel than in those with the root zone atop geotextiles atop AirDrain (Fig. 6 ). From the relationships between water content and water tension (Fig. 2) , and the expected tension 225 mm up from the bottom of the root zones (225 + 67 = 292 mm for gravel and 225 + 11 = 236 mm for geotextile atop AirDrain), the diff erence in observed water content would have been expected to be slightly larger.
When the test greens were left uncovered following irrigation, the observed diff erences between water stored in the root zone profi les of geotextile-atop-AirDrain greens and gravel-based greens remained constant through several days of evaporative loss of water (Fig. 7) . Data were collected in the fall when the evapotranspiration rates at the research site were about 4 mm d −1 , and it took 3 d following irrigation for amounts of water stored (Tovey et al., 1969) , the additional water stored in a geotextile-atop-AirDrain green compared to a gravel-based green might be used in a day or two, while in cool humid regions, it could last the better part of a week. It is worthwhile to note that amount of water stored in a gravel-based green could be increased to that of the geotextile-atop-AirDrain green by altering the texture of the sand used in the root zone mixture or by adding water-holding amendments (or increasing the amounts) such as peat moss or calcined clay to the mixture (Bigelow et al., 2004) . The possibility that a geotextile might clog and limit drainage has been a major concern limiting the acceptance of geotextile use in putting greens. In our test greens, excess rainfall and irrigation water were quickly discharged through drainage (Fig. 8) , regardless of the type of geotextile or gravel. In addition, during the yearlong study, the observations of water levels in the manometer-tensiometers did not indicate that positive pressure head developed in the root zone mixture immediately on top of the geotextiles or gravels; that is to say, the manometer-tensiometers never indicated that any of the geotextiles or gravels clogged and limited drainage of water out of the root zone.
In regard to the concern about modifying the USGA recommendations for a root zone mixture to be used for an Airfi eld Systems design putting green, it would appear from our observations that the solution was found in the tensions that developed at the bottom of the root zones. The tension at which the air-fi lled porosity and capillary porosity are determined for the root zone mixture in an Airfi eld Systems design putting green should be lowered by approximately 50 mm water from that used for root zone mixture in standard USGA-design green. 
